We show in the present study that variations in the rates of survival and recruitment of the agile gracile opossum (Gracilinanus agilis) are predominantly influenced by its life history instead of the variation in primary productivity that is common in the Brazilian Cerrado. For 5 years we monitored a population of G. agilis in a riparian forest running through the Cerrado and assessed the relationship between survival and breeding season, as well as the relationship between recruitment and seasons (dry and rainy). We also tested for a relationship between these rates and variations in primary productivity. The survival of males was better predicted by reproductive season than primary productivity and survival decreased after the reproductive season. Females showed a similar pattern. Our data show the reproduction of G. agilis is seasonal, with recruitment in the rainy season. The demographic analysis made in the present study suggests the adoption of a semelparous strategy in this species.
Understanding the mechanisms involved in variations in abundance is one of the key issues of population ecology (Korpimäki et al. 2004) . Small mammal populations show large variations in size and therefore provide a useful model for gaining this general understanding. The importance of endogenous and exogenous factors on the population dynamics of small mammals has been the subject of many studies. Sinclair (2003) suggests that density-dependent intrinsic mechanisms are the main factors that regulate small mammal populations, though the importance of external factors, such as rainfall and food availability, has already been proven (Julien-laferriere and Atramentowicz 1990; Fleck and Harder 1995; Adler 1998; Bergallo and Magnusson 1999; Lima et al. 1999) .
The Cerrado (Brazilian savanna) is characterized by strong seasonality in rainfall seasonality and vegetation productivity: after the increase in rainfall in the beginning of the rainy season there is an increase in primary production, when plant growth and leaf production are stimulated, followed by fruit production (Franco 2002 ). Plant growth is followed by an increase in insect abundance (Pinheiro et al. 2002; Aparecida et al. 2011) .
Insects, particularly ants, beetles, and termites, are the main food of the agile gracile opossum Gracilinanus agilis (Bocchiglieri et al. 2010; Paglia et al. 2012; Camargo et al. 2013) . Studies from the Cerrado have shown that there is seasonal variation in the consumption of these insects by Gracilinanus species, according to their availability in the environment (Martins et al. 2006b; Camargo et al. 2013) . Fruits are also a significant item in the diet of this species (Astúa de Moraes et al. 2003; Camargo et al. 2011) , especially in the dry season when water and insects are scarce (Camargo et al. 2011) .
The distribution of this small didelphid marsupial includes southeastern Brazil, eastern Paraguay, Peru, and Bolivia. In Brazil, this species is found in the Cerrado and is frequently associated with riparian forests (Eisenberg and Redford 1999) . Partial semelparity has been observed in males of a congeneric species, G. microtarsus (Martins et al. 2006a ). In semelparity, individuals reproduce only once and die soon after, so their populations have discrete generations (Cole 1954) . Although semelparity is uncommon among vertebrates, it evolved at least 5 different times among the Didelphidae and Dasyuridae (Cockburn 1997) . Temporal variation in food availability may be the selective force that maintains this strategy in some marsupials (Dickman and Vieira 2006) .
Considering that food availability is an important regulating factor in small mammal populations (Prevedello et al. 2013) , variations in the survival of G. agilis could be associated with seasonality in food availability in the Cerrado. Reductions in the survival of this species could also be associated with the breeding season, as observed in G. microtarsus, attributed to its semelparous life history. Here, we assessed how the demography of G. agilis is influenced by primary productivity. We tested the hypothesis that survival and recruitment rates of G. agilis are positively associated with primary productivity. We also analyzed the reproductive seasonality of this species, and tested for a relationship between recruitment and rainfall seasonality. Finally, we tested whether variations in survival could be associated with the end of the breeding season, suggesting a semelparous life history.
Materials and Methods
Study area and data collection.-We carried out the present study on private property used for the industrial plantation of eucalyptus, which is located in the municipality of Brasilândia de Minas, in the northeast of the state of Minas Gerais, Brazil. In this property, there is a large area (approximately 21,740 ha) of native vegetation, formed mainly by sensu stricto Cerrado patches, veredas de buritis (stands of Mauritia flexuosa, Arecaceae), and riparian forests (Faria et al. 2009 ). The total annual rainfall is 1,200 mm, concentrated between November and March (80% of the total). The region is characterized by strong rainfall seasonality, with only 2 well-defined seasons, namely, dry and rainy (Carrara et al. 2007) .
We carried out fieldwork in a riparian forest located on the margins of the Paracatu River (a main tributary of the Middle São Francisco River Basin), with an area of approximately 50 ha of typical Cerrado riparian forest. We monitored G. agilis In each capture station, we installed 2 live traps: a Sherman trap and a wire cage with suspended bait. We placed the traps directly on the ground or suspended them on trunks of trees or shrubs and checked them daily in the morning.
We marked the captured animals with numbered ear tags and recorded their sex, weight, and morphometric measurements (head-body length, tail length, hind-foot length, and ear length). For females, we also recorded their reproductive status: pregnant, swollen nipples, or lactating. Reproductive condition of males was not assessed because males of G. agilis have testes permanently in the scrotum. We also classified the captured individuals into age classes (juveniles, subadults, and adults) based on their weight and body length (head-tail length). Weight of males ranged from 7 to 13 g for young, 16 to 20 g for subadults, and 23 to 47 g for adults; females ranged from 8 to 11 g for young, 13 to 15 g for subadults, and 17 to 32 g for adults. Body length of males ranged from 131 to 200 cm for young, 208 to 224 cm for subadults, and 226 to 266 cm for adults; the same age classes of females ranged from 153 to 190, 192 to 208, and 210 to 254 cm. After marking the individuals, they were released at the same site of capture. The capture and handling of mammals followed the guidelines proposed by the American Society of Mammalogists (Sikes et al. 2011) .
Primary productivity analysis.-We used the normalized difference vegetation index (NDVI) to estimate primary productivity in each sampling session. This index represents the difference between the energy absorbed and reflected by the vegetation, and serves as a proxy for photosynthetic activity. The NDVI is a product of satellite remote sensing and is derived from the reflectance ratio in the near infrared and red portions of the electromagnetic spectrum. NDVI ranges from −1 to +1: values of 0.1 and below (including negative values) correspond to absence of vegetation (water, rocks, ice, deserts); moderate values (around 0.2 and 0.4) correspond to shrub and grasslands; and high values (0.5 and above) typically correspond to dense vegetation like rainforests (Pettorelli 2013) .
The relationship between this index and primary productivity is well established (Pettorelli et al. 2005 ) and represents a good proxy for food availability (Schaub et al. 2005; Grande et al. 2009 ). The main components of G. agilis diet are also associated with primary productivity. Previous studies have demonstrated a positive relationship between NDVI and beetle abundance (Kaspari et al. 2000) as well as between ant density and primary productivity (Lassau and Hochuli 2008) . Hence, we employed the use of this index as a proxy for food availability for G. agilis.
We used the data set provided by the sensor MODIS-TERRA (MOD13Q1 product) from 2001 to 2006 to calculate the monthly value of NDVI during the study period. This value was calculated as the average of the values found in a pixel grid equivalent to the study area. The use of the MODIS data set requires adjusting the number of its digital pixels by a scaling factor (Solano et al. 2010 ), so we converted the average value of pixels found into the NDVI value scale −1/+1 dividing this value by 10,000.
Data analysis.-We assessed variations in sex ratio by comparing the number of male and female captured with a chisquare test. The same test was used to compare the proportion of young and adult individuals captured in the dry and rainy seasons. We calculated the residence time as the time interval elapsed between the first capture and the last recapture for individuals recaptured at least once. We used a t-test to test for differences in residence time between males and females.
Estimation of demographic parameters.-We obtained estimates of population size and survival and recruitment rates using probabilistic capture-mark-recapture models (Lebreton et al. 1992) implemented in the program MARK. Our sampling calendar followed Pollock's robust design (Pollock 1982 ), but at certain occasions the small number of captured individuals prevented the use of this analysis. Hence, we opted to analyze each demographic parameter separately.
We estimated abundance for each sampling event using Huggins' closed capture model, which has a good performance even with a small sample size (Huggins 1989 (Huggins , 1991 . This model allows incorporating heterogeneity in trappability into the probability of detection, a pattern frequently observed in small mammals. We used the simplest approach to model heterogeneity, assuming that the population is formed by 2 classes of mixtures (parameter π): one formed by more easily trappable individuals and the other formed by less easily trapped individuals. We also assumed that π was constant throughout the sampling days.
To estimate capture probability (P), we used the models of Otis et al. (1978) , which incorporate 3 sources of variation into this parameter: a behavioral response to capture (model Mb), individual heterogeneity (Mh), and temporal variation (Mt). We also considered the possibility that the capture probability is influenced by a combination of these components (models Mbh, Mth, and Mbt). Finally, we analyzed the null model (Mo), which assumes a constant capture probability.
We used a Cormack-Jolly-Seber (CJS) model to obtain estimates of apparent survival (φ) and recapture probability (P), and a Pradel model as an estimate of recruitment (f). In order to avoid generation overlap and obtain more accurate survival and recruitment estimates, we analyzed these parameters separately for each cohort monitored during the sampling period. We distinguished 4 cohorts, which corresponded to the periods from We assessed the assumption of a closed population between secondary occasions using Stanley and Burnham (1999) and Otis et al. (1978) tests, implemented in the program CloseTest (Stanley and Burnham 1999) . We used the U-CARE program (Choquet et al. 2009 ) to test for the assumptions of homogeneity in survival and capturability through the goodness-of-fit (GOF) test of the global CJS model (φ sex×period , P sex×period -Cooch and White 2011). To quantify the overdispersion of the data, we calculated the variance inflation factor (ĉ), using a parametric bootstrapping procedure of the global model with 1,000 simulations. Next, we divided the observed ĉ of the global model by the average ĉ calculated through bootstrapping.
We investigated the influence of breeding season by constraining survival and recapture probability as a function of the pre-(January-July) and post-(August-December) mating period (model φ period , P period ). We compared the adjustment of this model to the null model, in which survival and capture probability were held constant (φ., P.). We also tested for additive and interactive effects between sex and breeding season on survival and recapture rates (φ sex+period , φ sex×period , P sex+period , P sex×period ). To assess the effect of primary productivity on survival, we constrained the parameter φ as a function of the average NDVI recorded between successive sampling intervals (φ NDVI ) and with a time lag of 1 month (φ NDVI_lag ). Recapture rates were modeled first, survival rates second (Lebreton et al. 1992) .
We assessed the influence of rainfall seasonality on recruitment by constraining this parameter as a function of the dry (April-August) and rainy (September-March) seasons (f season ). We compared the adjustment of this model to the null where the same parameter was held constant (f.). We also tested for additive and interactive effects between sex and rainfall seasonality on recruitment (f sex+season , f sex×season ). We investigated the influence of primary productivity on recruitment, by constraining this parameter as a function of the average NDVI recorded between successive sampling intervals (f NDVI ) and with a time lag of 1 month (f NDVI_lag ).
We used the Akaike information criterion (AIC-Akaike 1973) corrected for small sample sizes (AIC c ) to compare candidate models and select the best models for inference (Burnham and Anderson 2002) . The model-averaging procedure was used to account for model selection uncertainty in the demographic estimates (Buckland et al. 1997; Burnham and Anderson 2002) . Models with the smallest AIC c value were considered the most parsimonious (Burnham and Anderson 2002) . The models were ordered by difference between the AIC c of one model and the AIC c of the model with the smallest AIC c value (ΔAIC c ).
Results
With a total effort of 9,200 trap nights, we obtained 1,075 captures of 398 G. agilis individuals: 233 males and 165 females. In total, we captured 613 individuals of 11 species (capture success = 6.66%). G. agilis was the dominant species in our study and represented 64.92% of all captures. Other species frequently captured were Cerradomys subflavus (82 individuals), Oecomys catherinae (59), and Didelphis albiventris (32).
The capture probability for males was 0.35 ± 0.25 (X SD ± ) and for females was 0.26 ± 0.16. The mean abundance of G. agilis was 39.76 ± 16.20, with higher values in the period from May 2004 to May 2005. Males showed higher variation in abundance, whereas the number of females remained relatively constant (Fig. 1) . The sex ratio was male biased (χ 2 = 11.61, P < 0.001). The residence time in the study area was longer for females (t 172 = 3.84, P < 0.0001; average residence time for females = 4.36 ± 2.64 months, males = 3.12 ± 1.60 months).
The GOF test of the global model indicated a good data fit (χ 2 = 16.68, P = 0.96) and the absence of overdispersion The survival rates were in general low (φ females = 0.18 ± 0.29; φ males = 0.16 ± 0.31) and declined over the years (Fig. 2 ). Males and females had similar estimates in both the preand postmating period, except in the last year, when females showed higher survival rates in the premating period. Males showed a decrease in survival soon after the postmating period in all cohorts assessed. A similar pattern occurred with females (Fig. 2) . The survival estimates of males decreased distinctively from 0.28 ± 0.38 in the prebreeding period to 0.017 ± 0.01 in the postbreeding period. For females, the survival rates were 0.29 ± 0.37 in the premating period, decreasing to 0.03 ± 0.05 in the postmating period.
Reproduction of G. agilis was markedly seasonal, with young individuals captured predominantly in the rainy season (χ 2 = 72.89, P < 0.001; Fig. 3 ). Pregnant females were captured only in September and evidence of lactation was observed only in November. Young individuals entered into the trappable population in November and were absent in the dry season. The seasonality in reproduction is also evident from the recruitment rates, whose estimates were close to zero in the dry season (Fig. 4) . The recruitment rate was 2.66 ± 6.30, with higher values in the periods March-May 2003 and The highest values of primary productivity coincided with the periods of highest local rainfall (Fig. 5) . The models that incorporated the effect of primary productivity on survival rate did not explain data variation better than the model in which these rates varied with the breeding season ( Table 1) . We observed similar results in relation to the recruitment rates (Table 2) . Except for the last year of the study, the models that included the effect of predictable seasonal variation on the recruitment rate provided better fit to the data than the models that incorporated the effect of primary productivity.
Discussion
In the present study, we showed that the variation in the vital rates of G. agilis is predominantly influenced by its life history instead of primary productivity. It is important to point out that our 5-year data set allows us to test only the immediate effects of primary productivity on the survival of G. agilis and that the effect of primary productivity was weaker than the effect of reproductive period. More extensive data sets are necessary to evaluate the importance of seasonal change in productivity on the demography of this species.
Our demographic analysis suggests a semelparous reproduction in G. agilis. The survival of males decreased drastically soon after the breeding season and was not associated with local primary productivity. We observed a similar pattern for females. It is important to highlight that the CJS model deals with apparent survival; therefore, it is not possible to differentiate death from emigration. However, if variations in apparent survival occurred due to dispersal, there would be a balance between the number of emigrants and immigrants (Boonstra et al. 2001; Bowler and Benton 2005) and the abundance in the pre-and postmating periods would be similar. This fact was not observed. Therefore, we conclude that a reduction in survival is related to death after reproduction, which characterizes a semelparous life strategy. Martins et al. (2006a) found variations in survival associated with the breeding season only for male G. microtarsus. These authors suggest the occurrence of partial semelparity in males of this species, since some individuals were recaptured in a 2nd breeding season. In our study, the G. agilis females also showed a decrease in survival associated with the reproductive season. No male was recaptured in a 2nd breeding season, and only a few females (below 4%) were recaptured. Hence, both sexes adopt a semelparous life strategy in the studied population, similar to what was observed in the marsupials Marmosops paulensis (Leiner et al. 2008) and M. incanus (Lorini et al. 1994) .
Recruitment in G. agilis was strongly influenced by changes in rainfall, with juveniles entering in the population during the rainy season. A seasonal reproduction that begins at the end of the dry season and that weans offspring at the beginning of the rainy season is a common pattern among Neotropical Table 1 .-Candidate models for apparent survival (Φ) and probability of recapture (P) of Gracilinanus agilis. AIC c is the Akaike information criterion corrected by sample size. ΔAIC c corresponds to the difference between a given model and the model with the smallest AIC c value. AIC w is the weight of Akaike of the model i and K is the number of estimable parameters in the model. Period is the effect of the breeding period (parameter varies between the pre-and postreproductive periods), sex is the effect of sex, and normalized difference vegetation index (NDVI) represents the primary productivity. In the null model, the parameters are constant (.). marsupials (Fonseca and Kierulff 1988; Bergallo 1994; Mares and Ernest 1995; Gentile et al. 2000) . When rainfall is higher, food availability is also higher for marsupials (Bergallo and Magnusson 1999) , which would allow the maintenance of the reproductive effort of females and increase the chance of survival of juveniles. Male-biased sex ratios in G. agilis and G. microtarsus have already been observed (Passamani 2000; Andreazzi et al. 2011) , as well as the longer time of residence of female G. microtarsus (Passamani 2000) and other didelphids (Fonseca and Kierulff 1988) . Biased sex ratios may be related to differences in the sample area between sexes. Males of didelphid marsupials tend to move more than females (Loreto and Vieira 2005; Moraes Junior and Chiarello 2005; Püttker et al. 2006) . Hence, males are more likely to reach the trapping grid and male-biased sex ratio could be a simple artifact of sampling methods.
Predictable variations in the abundance of males and the male-biased sex ratio are compatible with a type I life strategy, following Lee et al. (1982) . In this strategy, reproduction begins approximately when the individuals are 11 months old. All males die after reproduction, many or all females reproduce during the 1st reproductive season and only a few females survive to reproduce a 2nd time (Dickman and Vieira 2006) . This strategy is observed in Australian marsupials (genera Antechinus and Phascogale and in the species Dasykaluta rosamondae and Parantechinus apicalis -Dickman and Vieira 2006) and in the marsupial Monodelphis dimidiata in the Argentinean pampas (Cockburn 1997; Baladrón et al. 2012) .
Although the survival of both sexes declined after the breeding season, it did not reach zero. Besides females, adult males were also captured after the breeding season and annual generations of males were not discrete. We were unable to infer the reproductive status of these males in the field because didelphid males have permanently scrotal testes. By demographic stochasticity or Alee effect, it is possible that some of males surviving the reproductive period had not yet bred. However, it is also possible that some adult males survive to the breeding season. In this case G. agilis could also be considered partially semelparous and adopt a type II life strategy (Lee et al. 1982) , where some males and females do not die right after reproduction and may survive until the next breeding season.
We concluded that the survival of G. agilis is influenced predominantly by their reproductive period, similar to the semelparous strategy adopted by other small didelphids. Short-term effects of productivity are less important, but interannual variation in productivity could affect the survival of this species, which should be examined in future long-term studies.
Resumo
Demonstramos aqui que as variações nas taxas vitais de sobrevivência e recrutamento de Gracilinanus agilis são predominantemente influenciadas por sua história de vida e não pela variação na produtividade primária frequentemente encontrada no Cerrado. Durante cinco anos, acompanhamos indivíduos de G. agilis em uma floresta ripária nesse bioma e avaliamos a relação entre a sobrevivência e o período reprodutivo, bem como a relação entre o recrutamento e a variação sazonal previsível, correspondente às estações seca e chuvosa. Investigamos também a relação entre essas taxas e a variação na produtividade primária. A sobrevivência esteve associada à reprodução, reduzindo logo após o período reprodutivo nos machos. Fêmeas apresentaram um padrão semelhante. O padrão reprodutivo se mostrou sazonal, com recrutamento associado à estação úmida. A análise demográfica apresentada demonstra a adoção de uma estratégia semélpara nessa espécie.
